Thousands of genes encoding long noncoding RNAs (lncRNAs) have been identified in all vertebrate genomes thus far examined. The list of lncRNAs partaking in arguably important biochemical, cellular, and developmental activities is steadily growing. However, it is increasingly clear that lncRNA repertoires are subject to weak functional constraint and rapid turnover during vertebrate evolution. We discuss here some of the factors that may explain this apparent paradox, including relaxed constraint on sequence to maintain lncRNA structure/function, extensive redundancy in the regulatory circuits in which lncRNAs act, as well as adaptive and non-adaptive forces such as genetic drift. We explore the molecular mechanisms promoting the birth and rapid evolution of lncRNA genes, with an emphasis on the influence of bidirectional transcription and transposable elements, two pervasive features of vertebrate genomes. Together these properties reveal a remarkably dynamic and malleable noncoding transcriptome which may represent an important source of robustness and evolvability.
How large is the lncRNA iceberg? The past decade has witnessed remarkable progress in genomics, providing geneticists with the opportunity to probe genome function with unprecedented depth and detail. One of the most striking observations gleaned from transcriptome studies is that a much larger fraction of the genome is represented as exons in mature RNAs than what would be predicted from the amount of DNA covered by the exons of protein-coding genes (both translated and untranslated). A major component emerging from such pervasive transcription are the lncRNAs which are loosely defined as RNAs >200 nt in length with no apparent coding capacity. In the human genome, more than 14 000 lncRNA gene units are currently annotated and supported by robust evidence [1] [2] [3] [4] . They present the typical hallmarks of RNA polymerase II (RNAPII) transcripts including 5 0 capping and polyadenylation and, for the vast majority, multiple exons. The exonic portion of human lncRNAs accounts for 1% of the genome (Gencode v20 [2] ), about the same amount of DNA as protein-coding exons. Equally impressive quantities of lncRNA genes are predicted to occur in other mammalian genomes [5] [6] [7] [8] [9] . This review focuses mainly on mammalian RNAPII-transcribed lncRNAs because their biology and evolution have been investigated most extensively so far. However, every multicellular species examined has been shown to harbor hundreds to thousands of lncRNA loci with similar properties ( Figure 1A ), even those with relatively compact genomes such as Drosophila melanogaster, Caenorhabditis elegans, and Arabidopsis thaliana.
At first glance there appears to be substantial variation in the number of lncRNA genes annotated in different Feature Review Glossary Bidirectional gene organization: when two genes are arranged in head-to-head orientation, typically less than 1 kb apart (defined originally in the human genome), thus transcribed away from one another and sharing core promoter elements. Ensembl: a joint project between the European Molecular Biology Laboratory (EMBL) European Bioinformatics Institute (EBI) and the Wellcome Trust Sanger Institute that aims to produce and maintain automatic genome annotation and databases for vertebrates and other eukaryotic species [142] . GENCODE: encyclopedia of genes and gene variants. An international consortium involved in building a comprehensive list of reference gene sets in the human and mouse genomes [2] . Enhancer-associated lncRNA (eRNA): lncRNA whose genomic locus is marked by high levels of histone H3 lysine 4 monomethylation relative to trimethylation (see Figure 2B in main text). Intergenic lncRNA (lincRNA): lncRNA whose genomic locus does not overlap that of a transcribed protein-coding gene (see Figure 2A in main text). MicroRNA: single-stranded RNAs of approximately 21-23 nt that regulate gene expression by partial complementary base-pairing to target RNAs (mRNAs or lncRNAs). This annealing inhibits protein translation and/or triggers degradation of the target RNA. Promoter-associated lncRNA (plncRNA): lncRNA whose genomic locus is marked by high levels of histone H3 lysine 4 trimethylation relative to monomethylation (see Figure 2B in main text). Promoter upstream transcript (PROMPT): product of divergent transcription at some RNAPII promoters (primarily TATA-less and CG-rich). These capped and polyadenylated noncoding RNAs are typically short (50-2000 nt) , have no known function, and are rapidly degraded by the nuclear exosome [93] [94] [95] . Also known as uaRNAs, for upstream antisense RNAs. Purifying selection: (also known as negative selection) a form of natural selection responsible for the purging of deleterious alleles from the population. Transposable element (TE): also known as a mobile genetic element, a segment of DNA that is capable of movement and often proliferation within the genome. These include class I or retrotransposons, which move by reverse transcription of a RNA intermediate, and class II or DNA transposons, which move directly as DNA intermediate. X-chromosome inactivation: a process in which one of the two copies of the X chromosomes in female mammals is inactivated. X inactivation allows females to produce the same dosage of gene products from the X chromosome as males. [143] ) as a grey circle next to the species name. The light-grey fraction represents TE content, and the size of the circle reflects the size of the genome. The number of conserved orthologous genes is shown at each tree node when estimates are available or can be inferred from the literature (see below for references). Shared lncRNA amounts in tetrapods are from [3] and the pan-vertebrate lncRNA count (n = 29) is from [12] . In Eutherians (placental mammals), shared amounts are also extrapolated from [60, 63] and variations between studies are shown using a darker blue circle. The amount of shared lncRNA genes between Drosophila and mosquito is extrapolated from [67] and the 42 syntenic lncRNAs between Drosophila and vertebrates is from [5] . Beyond ribosomal RNA genes, we are only aware of a single lncRNA conserved across nearly all eukaryotes, the telomeric RNA TERRA [144] [145] [146] . References for lncRNA genes amounts are as follows: human, species, with generally less lncRNAs in more compact genomes ( Figure 1A) . However, at this stage these numbers need to be interpreted with caution for several reasons. First, different researchers have adopted different methodologies and criteria to identify, filter, annotate, and classify lncRNAs (reviewed in [4] ) and there are many non-mutually exclusive ways to classify lncRNAs ( Figure 2 ). Perhaps most consistently defined across organisms are the intergenic lncRNAs (or lincRNAs, see Glossary), which do not overlap with known protein-coding loci (Figure 2A ). Second, in some species (mostly tetrapods) lncRNAs have been catalogued in specific tissues and cell types, whereas in others (e.g., Drosophila, zebrafish) they have been inventoried in whole animals but at different developmental stages. Because lncRNA expression, as a whole, tends to be tightly regulated in space and time (e.g., [3, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] ), these discrepancies make it difficult to compare datasets across organisms ( Figure 1B ). Nonetheless it is safe to predict that in any multicellular eukaryote the number of lncRNA loci identified will continue to grow, and may ultimately approach or even exceed that of protein-coding loci ( Figure 1 ). As efforts to inventory lncRNAs intensify in various organisms, so do efforts to assign functions. Detailed mechanistic studies of individual lncRNAs still only account for less than 0.1% of predicted lncRNA loci in any species ($130 in human) [20] but have already revealed that these molecules can serve diverse cellular and biological purposes through a variety of biochemical activities (reviewed in [21, 22] ). Most of the described molecular functions of lncRNAs relate to the regulation of gene expression, in cis or in trans, at the transcriptional or post-transcriptional levels [23] . It is beyond our scope to review these activities, but an important consideration is whether the mature RNA molecule itself has a function or if it is merely the act of transcription that is functionally relevant. The distinction between these two functional modes is important for understanding lncRNA evolution because the former would apply selective constraint on at least part of the lncRNA exon sequences, whereas the former would impose little or no constraint on the lncRNA sequence itself (but more so on the boundaries of the transcription unit). There are several examples where the act of lncRNA transcription by itself is sufficient for regulatory modulation of local chromatin states (e.g., [24] ; reviewed in [23, 25] ). Nonetheless, the fact that most lncRNAs are processed (spliced and polyadenylated) and display specific subcellular localization argues that they most likely function in their mature form (e.g. [1, [26] [27] [28] [29] , reviewed in [23] ). Another indication that lncRNA products may be functional is that much of the evolutionary constraint on lncRNA sequence is localized at splicing regulatory elements (e.g., [30] ), indicating that correct splicing is important for function. Indeed, the majority of lncRNAs with demonstrated cellular function (functional lncRNAs) appear to act as processed RNAs (e.g., [17, 20, 31, 32] ). This is also reflected by the growing list of human disease phenotypes [33, 34] directly associated with misexpression of mature lncRNAs [35] , copy-number variation [36] , chromosomal translocation [37] , or even single-nucleotide substitution in a lncRNA exon [38] .
It is important to emphasize that, with the exception of a few loci ( [12, 32, [39] [40] [41] [42] , [43] for review), the vast majority of lncRNAs that have been experimentally characterized thus far have been assayed at the cellular level (ex vivo or in vitro). In vivo studies (e.g., knockout), although challenging and onerous, remain the best way to assess biological and evolutionary significance because only the loci that result in organism fitness reduction upon mutation will be 'visible' to natural selection.
While the list of lncRNAs with apparent cellular function is growing steadily, our understanding of lncRNA evolution remains very limited, either at the level of individual lncRNA or as a group. This can be attributed in part to the extreme heterogeneity in sequence and biochemical versatility of lncRNAs, which makes them poorly amenable to comparative analysis. Below we review the current state of knowledge on the evolutionary dynamics of lncRNA genes and the molecular mechanisms underlying their diversification and origination. Finally we argue that the fleeting evolutionary pressures acting on lncRNAs are reflective of the forces shaping the dynamics and architecture of eukaryotic genomes, and that the rapid turnover of lncRNAs is likely to contribute to lineage-specific biological novelty.
Evolutionary conservation of lncRNAs
Comparative evolutionary sequence analysis has proven useful for predicting or evaluating functionality of both coding and noncoding sequences [44, 45] . Many studies have sought to measure functional constraint on lncRNA exon sequences within and across species. Faint but significant signals of purifying selection acting on lncRNAs have been detected in global interspecific sequence comparisons [5, 11, 27, 46, 47] . Evolutionary constraint on lncRNA sequence, when detectable, is markedly stronger within exons and splice sites of lncRNA genes than in their introns [30, 46, 48] , which again implies that most functional lncRNAs act as processed mature transcripts. Overall, however, the signal of purifying selection on lncRNA exons is weak in comparison to protein-coding exons, untranslated regions (UTRs), and genes encoding small noncoding RNAs such as tRNAs or microRNAs [11, 47, 49] . Moreover, evidence of evolutionary constraint is often limited to small Gencode v19, Dec 2013, GRCh37 -Ensembl 74 [2] and [3, 147] ; chimpanzee, macaque [3] ; mouse, Gencode v2, Dec 2013, GRCm38 -Ensembl 74 [2] and [3, 147] ; rat and cow lncRNA content was estimated to be similar to related organisms based on consistent amounts from single tissue analyses (liver for rat [63] , skin [148] and muscle [149] for cow; see also [150] ) and data for the organs of other mammals [3] ; opossum [3] ; chicken [3, 150] ; frog [3] ; zebrafish [12, 147, 150, 151] ; nematode [150, 152] ; Drosophila [5, 6] ; in mosquito, 633 lncRNAs were identified with a very strict cut-off for identification. Therefore, given these first estimations for lncRNA content in Drosophila, on the figure mosquito lncRNA content is represented as >1000 lncRNA genes (based on a set of 633 lncRNAs with very strict cut-offs [153] ); yeast [150] ; Ganoderma lucidum [154] ; Plasmodium [155] ; Arabidopsis [7] ; maize [8, 9] . Estimations from [3] include projected annotation (see Extended Table 2 and Supplementary Methods in [3] ). See also [4] for more details about most lncRNA datasets. References for protein-coding genes amount for each species are from corresponding genome papers and updated using release 75 of Ensembl [142] . References for estimation of shared protein-coding genes are as follow: Eutherian [156] [157] [158] ; Amniotes to Vertebrates [159] [160] [161] [162] , Drosophila-Mosquito [163] ; yeast to G. lucidum [164] ; 237 P. falciparum proteins show strong matches to proteins in eukaryotic genomes [143] . (B) Limited overlap between lncRNA catalogs obtained from different sources. The Venn diagrams show the amount of overlap in different lncRNA gene catalogs obtained for the same species. References: Drosophila melanogaster [5, 6] ; human [2, 27] ; see [49] .
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Trends in Genetics October 2014, Vol. 30, No. 10 patches of exon sequence within a given lncRNA [50] , which makes it difficult to rule out that the signal of selection in fact comes from overlapping cis-regulatory elements functioning at the DNA level. The level of sequence constraint also varies with the type of lncRNAs considered. For instance, human lncRNAs associated with canonical RNAPII promoters (plncRNA) emit a stronger and more consistent signal of purifying selection than those associated with enhancer chromatin marks (elncRNA) [51] .
The degree of lncRNA nucleotide conservation, or our ability to measure it, also varies depending on whether it is examined at the intraspecific or interspecific level, and on the species under consideration. For instance, lncRNA exons, as a whole, show weak [52] to no [48] significant signal of purifying selection within the human population. By contrast, the signal of purifying selection on lncRNAs is clearly apparent within D. melanogaster populations [48] . The difference between human and fly may in part stem from the fact that their lncRNAs have not been catalogued at the same depth or in the same way ( Figure 1B) . The difference also likely reflects the much smaller effective population size of humans, which reduces the efficacy of natural selection to purge the population from mildly deleterious mutations [53] . Thus, these data do not necessarily imply that lncRNAs rarely contribute to human fitness, but that many individual substitutions in their exons have either no impact on their (potential) function or a too weakly deleterious effect to be purged out from the population by natural selection. In fact, a similar phenomenon of sequence 'degradation' has been observed previously for human noncoding sequences that are generally considered to be of functional importance, such as the promoter regions of protein-coding genes [54] . The same explanation (small effective population size) may partially account for the pervasive accumulation of transposable element (TE) insertions within vertebrate lncRNA exons (see below) [49] .
Collectively these data converge to the notion that analyses of nucleotide sequence conservation lack power to assess evolutionary constraint and biological significance of lncRNAs (reviewed in [55] ; see also [56] ). Indeed, the few studies having experimentally assessed the functional conservation of homologous lncRNAs in different species thus far suggest that there is limited correspondence between the functionally important parts of lncRNA and their level of primary sequence conservation (Box 1). However, evolutionary conservation ought to be examined at other levels [57] , including secondary structure and transcriptional conservation, which we turn to next. 
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Senescent phenotype
ProliferaƟng fibroblasts Figure 2 . lncRNA classification. lncRNA annotation is a challenging task under active development (reviewed in [165] ). We illustrate here a subset of many non-mutually exclusive criteria that may be used to classify lncRNAs. (A) Genomic context. lncRNAs may be divided based on their position and orientation relative to protein-coding genes: for instance overlapping (genic) or non-overlapping (intergenic: lincRNA) protein-coding genes (see [1, 11, 27] ). (B) Chromatin context. Different populations can be defined by distinct chromatin marks around their transcription start-sites. For instance enhancer-associated (elncRNA) or promoter-associated (plncRNA) lncRNAs are characterized by mono-versus tri-methylation of lysine 4 of histone H3 respectively (K4me1 and K4me3) [29, 51] . This information can be combined with genomic context to further classify lncRNAs. For example, some intragenic lncRNAs, named meRNAs (multiexonic polyA + RNAs), originate from active enhancers lying within protein-coding genes [110] . (C) Subcellular localization. Cellular fractionation and hybridization techniques can reveal whether lncRNAs are differentially located or accumulate in the nucleus or the cytoplasm [1] or other sub-organellar compartments such as nuclear paraspeckles (e.g., [166] ) or cytosolic ribosomal complexes (e.g., [26] ). (D) RNA structure and motifs. Some lncRNAs may be grouped according to shared structural features and motifs. For instance, several lncRNAs, typified by MALAT1, are characterized by the formation of triple-helical structures at their 3 0 end [167] . These structures and motifs are important for the stabilization, subcellular localization, and function of these lncRNAs. For example, a small motif involved in restricting lncRNA localization to the nucleus was identified [168] . (E) Processing. Some lncRNAs can be precursors of smaller RNA species such as piRNAs, miRNAs, or snoRNAs [169] [170] [171] . For example, the BORDERLINE lncRNA is a precursor to small RNAs involved in demarcating an epigenetically distinct chromosomal domain in S. pombe [172] . It has also been shown that, in yeast, distinct lncRNA classes are sorted during 3 0 end formation [173] . (F) Function. Reminiscent of Gene Ontology classification, lncRNAs may be grouped according to (i) their molecular activities {e.g., chromatin modification, competitive endogenous loci ( [174] for review), architecture, etc.} or (ii) the cellular/biological processes they are involved in such as cell differentiation (e.g., [175] ), senescence (e.g., [176] ), circadian clock (e.g., [177] ), cell cycle regulation (reviewed in [178] ), pluripotency (e.g., [17, 31, 123] ), and innate immunity [179] . lncRNAs may also be classified based on their association with particular disease groups or states, such as neurological disorders (reviewed in [180] ) or cancer [181] .
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Trends in Genetics October 2014, Vol. 30, No. 10 Can structure prediction illuminate lncRNA function and evolution? An obvious explanation for the apparent dearth of primary sequence conservation of otherwise functional lncRNAs would be that their biochemical activities depend on discrete and relatively loose tridimensional structures. Such structures may be robust to mutations provided that they allow for some level of intra-molecular folding and/or transinteraction with protein(s) or other nucleic acids. If so, an examination of evolutionary conservation of RNA structures, including compensatory mutations, could provide a powerful indicator of functional constraint acting on lncRNAs as well as a tool to predict regions and motifs important for biochemical activity (also Box 2). Unfortunately, computational and experimental predictions of RNA structures are inherently noisy and prone to generate false positives in large-scale analyses [58] . A recent study [59] analyzed the conservation of predicted consensus RNA structure across a multiple genome alignment of 35 mammals. The approach revealed >4 million segments (average = 135 nt) presenting evidence for purifying selection at the level of RNA secondary structure in mammals (evolutionarily constrained RNA structures, ECS), with human ECS covering 13.6% of the genome. Even if the true rate of false positives is likely to exceed that estimated by the authors [58] , this study suggests that there is a massive reservoir of apparently constrained structural RNA motifs scattered throughout the human genome, consistent with earlier predictions [60] [61] [62] . Importantly, most (88%) of these motifs fall outside any sequence-constrained segments previously catalogued in the human genome. By intersecting the ECS defined in [59] with the coordinates of lncRNA exons in the Gencode v16 catalog [2] , we found that nearly one third of human lncRNA genes (4083 of 13 207) contain at least one exon overlapping >90% of an ECS segment. This proportion is lower for protein-coding genes (one fourth of protein-coding genes exons -including UTRs -and one sixth of strictly coding exons). Based on these data, human lncRNA gene exons are statistically enriched in ECS (P <2.2e À16 , Pearson's chi-squared test). Thus, even though some lncRNAs may not be functional, a larger proportion of lncRNAs than protein-coding genes contain Box 1. Conservation of biological function despite low sequence conservation
The three lncRNAs megamind/TUNA, Hotair, and Xist illustrate that (i) biological function can be conserved despite overall low sequence conservation, (ii) the biochemically active and functionally important parts of a lncRNA may not be the most conserved ones, and (iii) secondary structures are crucial for lncRNA function. Figure I provides a schematic illustration of these points.
Human, mouse, and zebrafish brains express a syntenic lncRNA known as megamind or TUNA. Knock-down experiments in fish and in human and mouse embryonic stem cells indicate that megamind is essential for brain development and neuronal differentiation in all three species [12, 182] . Notably, the brain defects of megamind knockdown in zebrafish can be rescued by injection of the human or mouse homologous transcript [12] . Nevertheless, the exon/intron structure of megamind is poorly conserved across the three vertebrate species, and sequence similarity is largely restricted to a $200 nt region which appears to be essential (but may not be sufficient) for function [12, 182] .
Xist is well known for its crucial and conserved function in mammalian X chromosome inactivation (e.g., [183, 184] ). The first exon contains most of the known functional elements of Xist, but this is one of the most poorly conserved in terms of sequence across mammals. Tandem repeats located in this region have been proposed to form secondary structures necessary for function both in human and mouse [185, 186] . By contrast, exon 4 displays the most obvious signal of primary sequence conservation, but deleting this exon does not appear to affect X inactivation [187] .
Human HOTAIR is involved in epigenetic silencing of gene expression at multiple loci, including the HOXD cluster, through recruitment of the PRC2 subunit EZH2 (histone H3K27 methylase) and LSD1 (H3K4me3 demethylase) [188] [189] [190] 42, 148, 191, 192] . Notably, the sequence corresponding to a highly structured 89-mer necessary and sufficient for EZH2 binding in human HOTAIR [193] maps within its first three exons, which are completely missing from the mouse Hotair transcript, and the LSD1 binding interface lies within a region poorly conserved in sequence. Figure I . lncRNAs with conserved function but little sequence conservation. lncRNA exons (filled purple boxes) and introns (grey lines connecting exons) are shown to scale unless specified by //. Sequence conservation in lncRNA exons across species was determined according to PhyloP score as provided by the University of California Santa Cruz (UCSC) genome browser track '100 vertebrates basewise conservation by PhyloP'. Regions of high (PhyloP >1), and low (PhyloP < 0) sequence conservation are shaded in green and orange respectively. 10 ECS. This suggests that evolutionarily constrained structural RNA motifs are relevant to lncRNA function. Xist and Hotair illustrate the importance of secondary structures to their cellular function (Box 1), as well as MALAT1 as detailed in [59] .
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Low transcriptional conservation implies rapid turnover of lncRNA repertoires An additional measure of lncRNA conservation lies in the identification of syntenic, orthologous transcripts across deeply diverged species. Several studies have shown that syntenic lncRNA exons occur more commonly through vertebrate evolution than under a random expectation [3, 11, 12] . One group [3] used a total of 185 RNA-seq samples from eight organs across 11 tetrapod species to perform an extensive analysis of transcription conservation of multi-exonic, polyadenylated intergenic lncRNAs. In this study, orthologous loci were defined based on the detection of significant sequence similarity between exons (blast searches), as well as flanking genomic regions (relying on multispecies alignments). Based on these criteria, the authors estimated that 21% of lncRNA loci shared between human, chimpanzee and macaque have an ortholog outside of primates, and only 3% can be traced back to the emergence of tetrapods, >300 Myr ago ( Figure 1A ). These may be underestimates because rapid divergence or chromosomal rearrangements may hinder the identification of orthologs between distantly related tetrapods. Notwithstanding these limitations, the results suggest that lncRNAs have emerged at a very high rate during mammalian evolution, in excess of 100 new gene units per Myr in both primate and rodent lineages. In another meticulous comparison of lncRNAs transcribed in the liver of three murine rodents [63] , it was found that nearly half of the intergenic lncRNAs have been gained or lost since the last common ancestor of mouse and rat $20 Myr ago and 11% of those identified in Mus musculus appear to have emerged since its divergence from Mus caroli in the last Myr [63] . This study points to a rate of 5-10 new lncRNA gained per Myr in this single organ, which is consistent with the data of [3] for the same organ. Other studies of lncRNA transcriptional conservation across mammals [10, 12, 29, 60, 64] similarly conclude that the vast majority of lncRNAs have relatively shallow evolutionary origins (e.g., primate-or rodent-specific) ( Figure 1A ). Determining whether this is a general property of lncRNAs awaits comparative transcriptome analyses in other groups of organisms, but there is some indication that Drosophila lncRNAs may also be transient [65] [66] [67] .
The rapid turnover of lncRNAs is in stark contrast to the evolutionary stability of protein-coding genes ( Figure 1A) . Both lncRNAs and protein-coding genes show positive
Box 2. Contribution of TEs to lncRNA evolution and function
The extensive contribution of TE sequences to the biogenesis of lncRNA genes [promoters, transcription start-sites (TSS), and polyA and splice sites] supports the fact that TEs can provide the initial spark triggering the evolutionary emergence of a new lncRNA transcript ( Figure I ) in what we call the 'TE first' model (see Figure 4 in main text). Although transcription activity alone may, in some cases, confer function to a lncRNA (reviewed in [25] ), it is clear that many (perhaps most) lncRNAs operate as mature transcripts (main text). Because a substantial fraction of lncRNAs, including those with established function, do not only initiate within a TE but are in fact mostly composed of TE-derived exonic sequence (often from an assemblage of multiple TE copies, as in lncRNA-RoR [49] ), it seems inescapable that some of the embedded TE sequences are crucial for the functional activities of the mature lncRNAs. Indeed, several studies have now identified specific lncRNA domains entirely derived from TE sequences that are engaged in intra-or inter-molecular interactions with other nucleic acids and/or proteins. These interactions are required for controlling expression of other genes in trans through various mechanisms [122] .
Inter-and intra-molecular interactions mediated by TE-derived sequences ( Figure I ) could be co-opted as soon as a lncRNA emerges ('TE first' model, see Figure 4 in main text), or acquired secondarily from TE insertion into an existing lncRNA ('lncRNA first' model, see Figure 4 in main text). Several modes and principles of TE 'exaptation' previously articulated for cis-regulatory elements (reviewed in [194] ) may be readily applicable to the cellular co-option of TEs as part of lncRNAs. These include the formation of large regulatory networks by repeated recruitment of the same functional module (e.g., motif for an RNA-binding protein) from copies of the same TE family embedded in different lncRNAs [119, 195] , or the 'epistatic capture' model proposed by Emera and Wagner [196] which involves post-insertional modification of the TE sequence prior to exaptation. Another tantalizing mode of co-option, which does not evoke the sequence of TEs but merely their repetitive nature, is the building of ribonucleoprotein scaffolds via base pairing of complementary TE copies embedded in different lncRNAs [97] . These inter-and intramolecular interactions may allow the formation of large scaffolds involving DNA, RNA, and proteins ( Figure I ). For example, TEs are involved in scaffolding of APTR [197] and Xist [122] . The profusion and diversity of TEs transcribed in vertebrate lncRNAs, and the promiscuity, complexity and modularity of their interactions with the cell machinery [198, 199] 
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Trends in Genetics October 2014, Vol. 30, No. 10 correlation between sequence conservation and expression level [68] [69] [70] , but overall lncRNAs seem to be more prone to changes in expression levels than are protein-coding genes [69] . Furthermore, orthologous lncRNA expression conservation declines faster in mammalian evolution than their sequence conservation, whereas expression levels of orthologous mRNAs are much more consistent across mammals [60] . Together these observations suggest that expression levels of lncRNAs fluctuate more rapidly in evolution than that of mRNAs [3, 63] . There is also a considerable level of gain and loss of exons and modification of exon/intron structure during lncRNA evolution. Thus, a sequence composing a lncRNA exon in one species (e.g., human) may occupy an orthologous position in a distant species (e.g., mouse), but be transcribed as lncRNA in only one of the two lineages [29] . For example, Xist has experienced a complex history of gain and loss of exon sequences during eutherian evolution ( [71] and Box 1). This trend is even apparent at short evolutionary distances: greater than 93% of human lincRNA exon DNA sequences are readily found in the rhesus macaque genome, but only 63% show significant orthologous expression [60] . Hence, to infer lncRNA orthology across species, one cannot merely rely on the presence of homologous exon sequence at a syntenic genomic position, but must also obtain evidence of transcription and at least partial conservation of the exon-intron structure.
Mechanisms of lncRNA origination
The rapid evolutionary turnover of lncRNA genes raises the question of the molecular mechanisms driving their birth and death. The processes underlying lncRNA extinction have not yet been explored in a systematic way, but one can envisage a combination of sequence erosion by point mutations, TE disruption, and genomic deletions as the most obvious mechanisms (e.g., [60] for TEs). Epigenetic modification of chromatin structure at local or distal cis-regulatory elements may also lead to extinguished lncRNA transcription. To account for the birth of new lncRNAs, three non-mutually exclusive evolutionary scenarios have been put forward (reviewed in [72, 73] ) and examined in some detail: (i) decay or pseudogenization of protein-coding sequences; (ii) duplication of another lncRNA; (iii) de novo evolution from sequences previously noncoding or derived from TEs.
Emergence from formerly coding exons
It is well established that the human genome (and evidently the genomes of other mammals) has accumulated >10 000 pseudogenes that originated by duplication of protein-coding genes during evolution and that now exist in various stages of decay [74, 75] . This junkyard can be seen as a vast reservoir of raw and preformed transcribable sequence material, including intron splice sites and other protofunctional modules, from which lncRNA gene units may be assembled. Xist provides an excellent example of a lncRNA partially evolved from a previously coding gene [71, 76] . The list of pseudogene-derived lncRNAs with cellular functions is rapidly growing [77, 78] . However, the amount of lncRNAs derived from pseudogenes remains difficult to estimate because most transcribed pseudogenes retain open reading frames (ORFs) or homology to proteincoding sequences, and therefore are excluded de facto from lncRNA catalogs (see [4] ). Thus, this mechanism is unlikely to account for a significant fraction of currently annotated lncRNAs.
Emergence from other lncRNA Gene duplication is the primary mechanism for the emergence of new protein-coding genes in eukaryotes [79] . Sequence duplication spontaneously and continuously occurs in eukaryotic genomes through DNA-(tandem and segmental duplication) or RNA-based mechanisms (retroposition), and accounts for a substantial fraction (>5%) of mammalian genomic DNA [74, 79, 80] . Surprisingly, so far there is no evidence that duplication mechanisms contribute much to the emergence of new lncRNAs. Indeed homology-based clustering of lncRNA genes identified within a species reveals very few multigene families [1, 12] . Furthermore, the bulk of sequence similarity detected among exons of different lncRNA genes is restricted to transposons and other repetitive elements that have been independently exonized [1, 49] . It is formally possible that rapid sequence divergence may have erased the signal of relatively old lncRNA duplication events. Conversely, the annotation of recently duplicated lncRNAs may be hindered by technical difficulty in mapping RNA sequencing reads to recently duplicated genomic sequences, which themselves are mis-or non-assembled [80] . Thus it could be that the role of gene duplication in new lncRNA origination has been underestimated. Improved (re)sequencing and assembly methods might reveal whether the apparent scarcity of lncRNA duplicates stems from a low rate of origination by duplication (relative to other mechanisms) or their rapid divergence or elimination after duplication.
Most lncRNAs evolve de novo
Given the dearth of evidence for the emergence of lncRNAs from protein-coding sequences or from other lncRNAs, we are forced to recognize that many and perhaps most lncRNAs evolve 'de novo'. This must occur by exaptation of sequences that were previously non-exonic and not typically functional at the level of the organism -for example, parasitic genetic elements such as TEs and endogenous viruses (discussed below) [81] . A key step in the de novo birth of a lncRNA gene is the acquisition of a promoter, which dictates the assembly of RNAPII and therefore the emergence of a new transcription unit. It has been shown that some 'core' promoters require very minimal sequence motif or context to drive transcription in a tissue-specific fashion. For example, testis-specific expression in Drosophila often requires only very short (<30 nt) and highly variable DNA sequence motifs located upstream of the transcription start site [82, 83] . Thus it is conceivable that many lncRNA promoters have emerged 'from scratch', in other words from sequences without previous regulatory activity. Apparently, this is how the testis-specific Poldi lncRNA originated during murine rodent evolution [84] . However, large-scale studies of lncRNA origination suggest that the majority of mammalian lncRNA promoters do not arise 'from scratch' but rather from co-option of pre-existing promoters and 10 enhancers. These appear to derive from two principal sources: those serving protein-coding genes and those contained and deposited by TEs (Figures 3 and 4) , which we consider in detail next.
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Bidirectional transcription as a profuse source of lncRNAs Bidirectional gene organization is a common feature of mammalian genomes [85] . Approximately 10% of protein-coding genes in the human genome are arranged in a 'head-to-head' orientation and are apparently controlled by a bidirectional promoter [86] . This is far more than predicted under random expectation, and many bidirectional gene pairs have been stably associated over long periods of evolution [86] [87] [88] [89] . The key feature underlying this organization is the inherent property of many RNAPII promoters (primarily TATA-less and CG-rich) to drive divergent transcription, which has been documented in diverse eukaryotes [90] [91] [92] . Typically, transcription initiation at such promoters leads to the production of upstream short, capped, and polyadenylated noncoding RNAs (often termed promoter upstream transcripts, or PROMPTs) that have no known function and are rapidly degraded by the nuclear exosome [93] [94] [95] (Figure 3A) . It is important to emphasize that the lncRNAs we consider herein are distinct from PROMPTs in that most are multi-exonic, relatively stable, and largely resistant to exosome degradation [96] . There is also growing evidence that a considerable population of lncRNAs resides in or traffics through the cytoplasm [26, [97] [98] [99] ].
An elegant model has been proposed [91] explaining how divergent transcription, coupled to mutational biases in mammalian germ cells, may promote the extension and evolutionary transition of PROMPTs into stably transcribed lncRNAs (Figure 3) . Indeed, a substantial fraction of mammalian lncRNAs emanates from bidirectional promoters. For instance, 60% of lncRNAs annotated in a study of human and murine embryonic stem cells are produced from divergent transcription at promoters of protein-coding genes active in these cells [100] . The model is further supported by comparative genomics studies showing that thousands of primate-or rodent-specific lncRNAs are transcribed from the bidirectional promoters of protein-coding genes that have appeared earlier in evolution [101, 102] . Bidirectional promoters have also been associated with the emergence of novel protein-coding genes, such as 'de novo' genes [103, 104] and 'domesticated' transposon-derived genes [105] .
In mammals, active enhancers are known to behave similarly to bidirectional promoters in producing divergent transcripts termed enhancer RNAs (eRNAs) [106, 107] . The bulk of eRNAs produced in a given cell type are typically short, unspliced, and unstable [106, 108] , but many (i.e., hundreds) are virtually indistinguishable from canonical promoter-associated lncRNAs [51] in being transcribed as fairly large, multi-exonic precursors that are processed into relatively stable transcripts [107, 109, 110] .
In sum, both promoters and enhancers regulating adjacent protein-coding genes are an abundant source of capped and polyadenylated noncoding transcripts. Although these transcripts are generally unstable and may well have no function (at least not as mature transcripts), 
Trends in Genetics October 2014, Vol. 30, No. 10 akin to what some have dubbed 'transcriptional noise' [111, 112] , they can provide the cradle for the evolution of more complex noncoding transcripts (Figure 3 ). Several factors may promote the accretion of longer and increasingly stable lncRNAs from these elements and, on occasion, their functionalization. First, these transcripts will be spatiotemporally regulated from their inception, often in concert with one or several adjacent protein-coding genes, opening an opportunity for cis-regulatory crosstalk and the establishment of a feedback loop (negative or positive) between lncRNA expression and that of nearby gene(s). This may explain why many lncRNAs function as a cisregulator of adjacent protein-coding genes [4, [23] [24] [25] . Second, TEs inserting adjacent to promoters or enhancers might promote extension and stabilization of nascent lncRNA by introducing 5 0 splice sites, which suppress premature polyadenylation and RNAPII termination, and thus favor transcript elongation [113, 114] . Indeed, some TEs are known to carry multiple cryptic splice sites that make them prone to exonization [115, 116] , and indeed lncRNAs frequently acquire TE-derived splice sites and exons ( [49] and below). Interestingly, one group [101] found that the genomic regions upstream of bidirectional promoters that gave rise to lineage-specific lncRNAs are characterized by a greater accumulation of TEs relative to downstream regions. Furthermore they found that 5 0 splice sites (but not 3 0 splice sites) derived from TEs exonized in this class of lncRNAs display evidence of selective constraint. This supports the idea that the acquisition of 5 0 splice site from nearby TE insertion promotes the emergence and possibly the functionalization of lncRNAs (Figure 3 ).
TEs as important drivers of lncRNA evolution Between one and two thirds of mammalian genomes are made up of TEs or their remnants [117, 118] . TEs are divided into several classes (retroelements, endogenous retroviruses, DNA transposons, etc.) and hundreds of different families that have propagated at different timepoints throughout vertebrate evolution. Through their capacity to move and amplify, as well as their ability to introduce regulatory sequences upon insertion, TEs represent a considerable force shaping genome architecture and fueling genetic innovation, such as new protein-coding genes and transcription factor binding sites wiring large gene regulatory networks [119, 120] . Several studies now indicate that TEs are also major contributors to the birth and diversification of vertebrate lncRNA repertoires.
A first striking observation is the prevalence of TEs within mature lncRNAs catalogued in vertebrates. It was estimated that about two out of three lncRNA transcripts inventoried in zebrafish, mouse, and human contain at least one TE-derived sequence, whereas they seldom occur in protein-coding transcripts [49] . TE sequences often make up the majority of mature lncRNA transcripts, and collectively they account for 20-40% of all lncRNA exonic nucleotides [49, 121] . Although TE abundance might be interpreted as the mere result of relaxed constraint on lncRNA sequences, it does not preclude the idea that TEs have become important or even indispensable for lncRNA biogenesis and function. Indeed, in humans, TEs contribute signals essential for the biogenesis of many lncRNAs, including $30 000 unique sites for transcription initiation, splicing, or polyadenylation [49] . The prevalence of TE-derived sequences is also apparent in most lncRNAs with established cellular function ( [49, 121] , reviewed in [122] ). Some of the possible mechanisms by which TE sequences can directly contribute to the functional activity of the lncRNAs they are embedded into have been documented (Box 2) and others can be envisaged [49, 122] .
TEs are also enriched in the vicinity of mammalian lncRNA genes, where they appear to frequently contribute to their transcriptional regulation [17, 49, 51, 121, 123] . It has long been appreciated that TE-derived promoters and enhancers can be incorporated into the regulation of adjacent 'host' genes [119, 124] . Not all TEs are 'born equal' with respect to their potential for cis-regulatory co-option. Notably each of the long terminal repeats (LTRs) of endogenous retroviruses (ERVs) contains a basal promoter for RNAPII and enhancers that are responsive to diverse conditions for spatiotemporal control of proviral gene expression, as well as a polyadenylation signal [125] . Once integrated into the host chromosome, any of these retroviral cis-regulatory elements has the potential to influence the expression of adjacent gene(s) through myriad mechanisms [81, 119, 124] . There is growing evidence that ERVs are major contributors to the transcription of mammalian lncRNAs [49, 121, 126, 127] . For instance, it was reported that $10% of human lncRNA transcripts initiate within the LTR of an ERV (as opposed to 0.1% of protein-coding transcripts) and in fact many mature lncRNAs are entirely composed of ERV sequences [49] . Some specific ERV families produce multiple lncRNAs that are developmentally co-regulated and appear to exert redundant cellular functions. For instance, over 100 HERVH/LTR7 elements produce abundant lncRNAs in human embryonic stem cells (ES cells) [17, 121, 123, 128, 129] under the control of the transcription factors OCT4 and/or NANOG [121, 123, 130, 131] . Several of these HERVH-derived lncRNAs have been shown to be required for pluripotency maintenance of ES cells [123, 132] and induced pluripotent stem (iPS) cells [130, 133] , and to directly interact (at the RNA level) with coactivators and with the pluripotency factor OCT4 [17] . These findings are all the more remarkable when considering that these HERVH elements integrated in the genome recently, being restricted to apes [49] . This example illustrates the rapid emergence of lncRNAs from TE sequences and their incorporation in regulatory networks controlling development. It remains to be seen whether HERVH lncRNAs have become essential for human embryonic development.
Volatile evolution of lncRNAs: implications and speculations The data summarized above and elsewhere [79, 104, 134] paint a provocative picture of genome evolution whereby novel transcription units (i.e., genes, in the loosest definition) emerge and disappear at a much faster pace than was previously appreciated. Estimating how many of these recently evolved genes are truly important for organismal fitness now or at any time-point along a particular species lineage is one of the greatest challenges of 21st century
Trends in Genetics October 2014, Vol. 30, No. 10 biology. It will necessitate the development of highthroughput methods to conduct large-scale forward and reverse genetic screens and for phenotyping in laboratory conditions mimicking as best as possible a changing, natural environment. There is hope also that new comparative and computational approaches integrating sequence, structural, and experimental data will be developed to accelerate the functional prediction and dissection of lncRNA function. Currently no single method is capable of measuring with enough confidence or accuracy the signal of natural selection acting on mammalian lncRNAs, even when they have been shown to exert cellular functions and, in a few cases, to partake in crucial aspects of organismal development (Box 1). This conundrum may be explained by a combination of factors, including relaxed or scattered constraint on nucleotide sequence to maintain proper structure/function [1, 12, 135] , small effective population size reducing the efficiency of natural selection to purge slightly deleterious mutations [48, 136] , functional redundancy [31, 42] , as well as recent emergence and/or rapid divergence driven by adaptation or genetic conflicts [101, 135, 137, 138] .
Whatever the explanations for the frailty of nucleotide and transcriptional conservation of lncRNAs, the manifest conclusion is that lncRNA repertoires are volatile and plastic. These properties make the evolutionary trajectory of lncRNAs less tractable and less predictable than that of protein-coding sequences or even of other noncoding regulatory sequences such as microRNAs. Thus, as a burgeoning field, the study of lncRNA evolution presents formidable challenges. It is a black box of massive dimension that holds the promise to yield transformative insights into our comprehension of genome function and organismic evolution. In particular, the rapid turnover of lncRNA repertoires raises fascinating questions with regard to their significance in speciation, adaptation, and trait variation between and within species, including disease susceptibility in the human population.
Some authors have argued for a correlation between increased developmental complexity and the expansion of noncoding regulatory sequences, including lncRNA content, across eukaryotes [139] . Thus far, this trend seems to hold true at broad evolutionary distances: unicellular organisms appear to have much less complex lncRNA repertoires than multicellular organisms, and vertebrates appear to encode more lncRNAs than invertebrates ( Figure 1A ). However, a major caveat is that all unicellular eukaryotes and invertebrates in which lncRNAs have been catalogued in a rigorous way have unusually compact genomes, and as such they are not representative of the genomic diversity encountered in these highly diverse taxa. For instance, it would be interesting to examine the lncRNA content of some protozoans and insects with relatively large genomes, such as Trichomonas vaginalis ($160 Mb) [140] or the locust ($6.5 Gb) [141] , respectively. Likewise, lncRNAs have been compared across vertebrates with 'average' genome complexity (e.g., zebrafish, Xenopus, chicken, mammals), but not yet in species representing the lower (pufferfish) or upper (e.g., lungfish or salamanders) bounds of vertebrate genome complexity [112] . Because variation in TE content explains most of the variation in genome size across eukaryotes [117] , and may scale positively with lncRNA amount (Figure 1A) , one would predict that species with small genome size and low TE content will have reduced lncRNA complexity compared to those with larger genomes and TE amount. Rigorously testing this hypothesis will require transcriptome data matched for depth, tissue, and experimental conditions across a range of species with contrasting TE content. If validated, it would imply that species with high TE content and activity, and thus more dynamic genomes, also have more complex and malleable transcriptomes, thereby increasing their capacity to evolve newly functional lncRNA molecules. It is tempting to further speculate that in these organisms with high lncRNA turnover, to which humans likely belong, variation in lncRNA content and expression could occupy a prominent position among the regulatory layers underlying trait variation.
